ABSTRACT A procedure is described for the purification of salmon testis deoxyribonuclease II b y means of acid extraction, fractional precipitation with ammonium sulfate, heat denaturation of extraneous proteins, and ethanol fractionation. This process separates the deoxyribonuclease activity from that of ribonuclease, phosphatase, phosphodiesterase, and protease. Over 50 per cent of the activity is retained with an over-all enrichment of 20,000-fold. The enzyme degrades both nadve and heat-denatured DNA, but the rate of degradation of the latter is only one-tenth that of the former. It does not hydrolyze apurinic acid.
, it seemed to us that testes from salmon, caught just before spawning, should be an excellent source material for the isolation of a representative DNase II. O n a wet weight basis, such salmon testes were found to contain 3 to 5 times as much enzymatic activity as calf spleen, which in turn contains 2 to 3 times as much as calf thymus (I 8) . Furthermore, testes are practically free of blood vessels, mucus, and connective tissue; they are readily available in large quantities, relatively inexpensive, and easy to work with. 
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Deoxyribonuclease units FIGURE 1. Standard curve for hydrolysis of DNA by salmon testis DNase. Optical density, at 260 m~, of the acid-soluble split products formed on digestion, plotted against DNase units.
This paper describes a procedure for the extraction and purification of DNase II from salmon testes, and some of the properties of the purified enzyme. The process was designed to remove specifically other enzymes capable of degrading nucleic acids or their split products, leaving as much of the DNase as was practical. It utilizes the conventional procedures for enzyme fractionation (19) , elaborated and employed so successfully in the laboratories of Dr. J o h n H. Northrop, in whose honor this volume is published.
MATERIALS AND METHODS

I. Salmon Testes
Salmon testes were purchased frozen from the New England Fish Co., New York, and stored at --20°C. until used.
Preparation o/Deoxyribonucleic Acid
Salmon testis DNA and calf thymus DNA were prepared by the method of Emanuel and Chaikoff (20) . The final preparations were dialyzed against water, and aliquots were stored at --20°C until utilized, Phage T2H DNA was prepared for us by Dr. Elizabeth Burgi according to the procedure of Mandell and Hershey (2 I), and dialyzed against water before use.
Determination of Deoxyribonuclease Activity DNase activity was assayed by
measuring the increase in optical density at 260 m~ of the acid-soluble split products formed upon degradation of DNA. The procedure is essentially that of Mayer and Greet (22) . The assays were performed as routine at I°C to avoid inactivation at elevated temperatures of the very dilute enzyme solutions necessitated by the high potency of the preparations. Stirred ice water mixtures in a 4 gallon "Skoteh Kooler" type of container suffice to maintain this temperature uniformly for at least 4 hours.
Substrate DNA in 0.15 M sodium acetate buffer, pH 5.0, at a concentration of 0.038 nag of P per ml. The solution is stable for at least a week when stored at I-5°C.
Procedure One ml of aqueous enzyme solution, containing 0.3 to 2.0 units per ml, was mixed with 2 ml of substrate; the mixture was incubated for 20 minutes at 1 °C; then 1 ml of 1 N perchloric acid was added with thorough mixing. The suspension was left at I°C for 15 to 30 minutes, after which it was centrifuged at the same temperature for 15 minutes at 4000 RPM, and the optical density of the supernatant was determined at 260 mt~.
Unit One unit of activity isdefined as the amount of enzyme capable of bringing about an increase of one in optical density at 260 m~ in 20 minutes under the described conditions of substrate concentration, temperature, pH, and salt concentration. A typical activity curve is given in Fig. 1. 
Estimation of Protein
Protein was usually estimated by determining the optical density at 278 mt~ of the solution being assayed. The density readings are proportional to the concentration of protein up to values of at least one. These are minimal estimates, since turbid solutions were filtered before the measurements were made. The factor for calculating protein concentration from optical density readings decreases as the DNase is purified. For fraction N (Table I) , one unit of optical density is equal to 0.8 mg of protein, assuming a nitrogen content, as measured by the Kjeldahl procedure, of 16 per cent.
In many cases protein was also determined by the copper-phenol procedure of Lowry et al. (23) , using crystalline bovine serum albumin as the standard. The observed increase in potency of the enzyme during fractionation was similar with both procedures, except in the very early stages when soluble peptides and nucleotides contribute markedly to the optical density measurements. 
Method of Preparation of Purified Deoxyribonudease
Unless otherwise specified, all operations are performed at 1-3°C, and all filtrations are done with suction. The ammonium sulfate is always added slowly, with adequate stirring; foaming should be avoided. The concentration, (Table II) .
[[ About I0 per cent of the protein present in fraction A is recovered in fraction C. ¶ The value for thetotal activityof the0.65 saturatedammonium sulfateprecipitateis consistently higher than that of the 0.8 saturated one. The 0.8 saturated precipitate, in turn, has higher activity than the acid extract.
yield, and degree of purification attained at each step of the DNase preparation are summarized in Table I . The red pigment, which concentrates simultaneously with the enzyme through step 6, is dissociated from it during step 8. About 30 mg of protein are obtained from 50 pounds of salmon testes.
1. EXTRACTION Fifty pounds of frozen salmon testes are thawed for 18 hours, and minced in an electric meat grinder. The mince is suspended in 50 liters of 0.05 N sulfuric acid and left, with stirring at half-hour intervals, for 6 to 8 hours. The suspension is then filtered overnight by gravity through large fluted papers (Whatman No. 12, 50 cm). Approximately 54 liters of filtrate, pH 4.0, are obtained.
CONCENTRATION
The filtrate (fraction A, Table I ) is brought to 0.8 saturation of ammonium sulfate by the addition of 561 gin of salt per liter. A very slight precipitate forms. This is collected by filtration through soft paper (Eaton-Dikeman No. 612), With the aid of 0.5 gm of standard super-cel per liter of suspension, on two 24 cm Biichner funnels. The filtrate is discarded. The filter cake is suspended in 1000 ml of distilled water, stirred for 1 hour, and refiltered through soft paper. This process is repeated twice, first with 300 ml and then With 200 ml of water. The residue is discarded; the extracts are combined (fraction B) and brought to 0.65 saturation of ammonium sulfate by the addition of 430 gm of salt per liter. The resulting suspension is left for approximately 18 hours, then filtered through hardened paper (Schleicher and Schuell No. 576). The filtrate is discarded, and the filter cake (about 13 gm, although yields as low as 7 and as high as 34 gm have been observed) is stored until material from a minimum of 250 pounds of testes has been collected. wise noted, the procedures in steps 3, 4, 5, and 6 are performed at room temperature. The combined 0.65 saturated ammonium sulfate filter cakes from step 2 are suspended in 4 times their weight of water (fraction C), stirred for 1 hour, then filtered through soft paper with the aid of 1 gm of standard super-cel per 100 ml of suspension. The filtrate is saved; the residue is resuspended in a volume of water equal to one-fourth that originally used, and refiltered. The residue is discarded. The filtrates are combined (fraction D) and brought to 0.7 saturation by the addition of 233 ml of a saturated solution of ammonium sulfate (approximately 760 gm of salt per liter of water) per 100 ml of filtrate. The resulting suspension is allowed to stand at 1-3 °C for 18 to 24 hours. The precipitate is then collected by filtration through hardened paper, and the filtrate is discarded. The filter cake (about 7 grn per 50 pounds of testes; values as low as 3 and as high as 12 have been observed) is dissolved in 5 times its weight of water, and the solution (fraction E) is brought to 0.45 saturation by the addition of 82 ml of saturated ammonium sulfate per 100 ml of water. The suspension is left for 1 to 3 hours, then filtered through soft paper with the aid of 2.5 gm of standard super-cel per 100 ml, and the residue is discarded. The filtrate is brought to 0.7 saturation by the further addition of 83 ml of saturated ammonium sulfate per 100 ml of filtrate. The precipitate is collected by filtration through hardened paper. The filtrate is discarded, and the filter cake (fraction F: about 3 gm per 50 pounds of testes) is refractionated between 0.45 and 0.7 saturation
of ammonium sulfate as before. The final filter cake, which averages 2 (1 to 3) gm per 50 pounds of testes processed, is stored at 1-3°C until material from at least 1000 pounds has been collected.
The collected 0.7 saturated ammonium sulfate filter cakes from step 3 are dissolved in a volume of water equal to their weight. The solution (fraction G) is adjusted to pH 3.8 by the dropwise addition of 1 N sulfuric acid (approximately 0.1 ml per gm of filter cake) and clarified, if necessary, by centrifugation. Saturated ammonium sulfate is then added to the point of incipient turbidity (about 0.3 ml per gm of filter cake), and the mixture is left at 20°C. A thick suspension of fine needles and amorphous material gradually forms (Fig. 2a) . After 1 week, the mixture is filtered on hardened paper; the filtrate is saved. The filter cake is suspended in 2 times its weight of water. This volume is just sufficient to dissolve the crystals, leaving most of the amorphous material undissolved. The suspension is filtered through soft paper, and the filter cake discarded. Saturated ammonium sulfate is added to the filtrate to incipient turbidity, and the mixture is left at 20 °C. Clusters of fine needles rapidly form (Fig. 2b) . The mixture is filtered through hardened paper after 48 hours.
Saturated ammonium sulfate is then added to the combined mother liquors to 0.7 saturation. The resulting suspension is filtered through hardened paper, and the filtrate discarded.
5. HEAT DENATURATION The 0.7 saturated ammonium sulfate filter cake from step 4 (approximately 0.5 gm per gm filter cake before crystallization) is dissolved in 25 times its weight of water. The solution (fraction H) is adjusted to pH 4.0 with a few drops of 1 N sulfuric acid. It is then heated rapidly with constant stirring to 65 °C, left at that temperature for 15 minutes, cooled rapidly to 25 °C, and left at room temperature for 1 hour. The resulting suspension is filtered through soft paper with the aid of 1 gm of standard super-eel per 100 ml; the filter cake is washed with water until the filtrate is almost colorless, then discarded. The combined filtrates (fraction I) are brought to 0.7 saturation of ammonium sulfate by the addition of 472 gm of salt per liter. The precipitate is collected by filtration through hardened paper, and the filtrate is discarded.
. R E F R A C T I O N A T I O N W I T H A M M O N I U M S U L F A T E
The 0.7 saturated ammonium sulfate filter cake from step 5 (about 0.6 gm per gln filter cake before heating) is dissolved in 5 times its weight of water. The solution (fraction J) is brought to 0.45 saturation of ammonium sulfate by the addition of 82 ml of saturated salt solution per I00 ml of water. The suspension is filtered through soft paper with the aid of 2.5 gm of standard super-cel per 100 ml, and the residue is discarded. The filtrate is brought to 0.6 saturation by the FIGURE 2. Crystals of "inert" protein from salmon testes: a, once crystallized; b, thrice crystallized.
" 1962 addition of 37.5 ml of saturated ammonium sulfate per 100 ml of filtrate. The precipitate is collected by filtration through hardened paper and the filtrate is discarded.
7. DIALYSIS The 0.6 saturated ammonium sulfate filter cake from step 6 is dissolved in 4 times its weight of water. The solution (fraction K) is dialyzed against 20 liters of running distilled water for 24 hours at 1-3 °C; unnecessary dilution is avoided. 
Properties of Purified Deoxyribonuclease from Salmon Testes
The purified DNase is well-nigh homogeneous as tested by paper electrophoresis; solubility tests (24) phenyl phosphate (11) , and bis-p-nitrophenyl phosphate (11), respectively, showed no measurable traces of protease, ribonuclease, phosphatase, or diesterase. All these enzymes are present in the first extract. The ultraviolet light absorption spectra of solutions of salmon testis DNase (27) indicate that it is a protein which contains tyrosine and tryptophan in a ratio of 2 to 1 (28). The p H of m a x i m u m stability is between 4 and 5 (27) . Solutions containing > 1 mg of protein per ml in >0.01 M a m m o n i u m sulfate have remained at 3 °C for periods of at least 3 months without loss of activity. The DNase is readily denatured, however, at temperatures higher than 70°C (27) .
The data in Fig. 3 show that DNase from salmon testes degrades highly polymerized DNA from such diverse sources as phage T2H, calf thymus, and salmon testes at equivalent rates. The rate of degradation of heat-denatured DNA is much slower, however, being reduced by factors of 6.5 and i0 for phage and salmon testis DNA respectively. The testis DNase, like DNase I from beef pancreas (29), does not hydrolyze apurinic acid (30) ,
The optimum pH for expression of testis DNase activity in the presence of 0.1 M acetate buffer is 4.8 (Fig. 4) . The optimum temperature is in the vicinity of 55°C (Table II) . :~ Each of these values is an approximation, since the rate of degradation could be measured only for the first few minutes of the reaction.
T A B L E II EFFECT OF T E M P E R A T U R E ON THE A C T I V I T Y OF D E O X Y R I B O N U C L E A S E F R O M SALMON TESTES
As is illustrated in Fig. 5 , the activity of DNase from salmon testes is markedly dependent on both the kind and the concentration of electrolytes in the digestion mixture. It increases with increasing concentration of salt until optimum conditions are reached, then decreases. The optimal concentration varies with the electrolytes employed. When the salt solutions are compared at equivalent ionic strengths, sulfate ions are approximately three times as effective as chloride ions. No significant differences were observed between the monovalent cations sodium and potassium, on the one hand, or between the divalent cations calcium and magnesium, on the other; but the divalent appear to be about nine times as potent as the monovalent. The optimum concentrations for the salts studied range from 0.045 M for sodium or potassium chloride to 0.0005 M for magnesium or calcium sulfate. With sodium acetate buffer, pH 5.0, however, no optimum has been observed (Table III) 
activity of the enzyme continues to increase with increasing salt concentrations up to 0.3 M, the highest concentration that, for technical reasons, could be investigated.
D I S C U S S I O N
Although the acid extract of the salmon testes has over 90 per cent of the DNase activity measurable in homogenates, it contains less than 1 mg of protein per ml. Therefore, the precipitate that results when the extract is ;~ Higher concentrations cannot be used because they interfere with the assay procedure. brought to 0.8 saturation of ammonium sulfate is scant. Nevertheless, it can be concentrated without difficulty. The consistent increase in total activity observed during the first two steps of the fractionation process has also been noted with other tissues (8, 11, 14) , and m a y well be due to removal of inhibitors. The crystals from step 4 have been termed "inert," since they are not DNase. They have been tested for ability to hydrolyze casein, RNA, disodium p-nitrophenyl phosphate, and calcium [bis(p-nitrophenyl)phosphate]2 with negative results.
The purification procedure was designed to remove specifically other enzymes capable of action on nucleic acids and nucleotides. The most tenacious is ribonuclease, and at one time Laskowski proposed that DNase II might degrade RNA in addition to DNA (31); nucleases with this property have been isolated from bacteria (32, 33) . The separation of ribonuclease from splenic DNase II by Mayer et al. (34) , however, partially negated this suggestion, and in our preparations essentially all remaining ribonuclease is removed during steps 5 and 6.
It is difficult to compare precisely from published results the potencies of the several purified DNase II preparations that have been made and studied in different laboratories, since diverse procedures have been followed, involving variation in conditions to which the enzyme is exceedingly sensitive. Our estimates indicate that the salmon testis DNase is at least ten times as potent as the best preparations from thymus and spleen (10) (11) (12) (13) (14) (15) .
The response in activity of purified testis DNase to variation in both kind and concentration of electrolytes is qualitatively similar to that reported for purified DNase from thymus and spleen; but some discrepancies have been observed. With testis DNase, no difference in maximal activity between monovalent and divalent ions, when compared under conditions optimal for each, has been noted; whereas in studies of splenic DNase Koerner and Sinsheimer observed that the maximal activity with monovalent cations was twice as great as that with divalent cations (11) . These workers also noted a marked inhibition by sulfate ions, but such inhibition has not been observed with the testis enzyme. The optimum concentrations of potassium and magnesium chloride reported by them for spleen DNase were 0.2 and 0.04 M, respectively; with DNase from testis, the optima are 0.045 M for potassium chloride and 0.002 M for magnesium chloride, although the concentration of DNA used as substrate in our experiments was approximately five times greater than in those of Koerner and Sinsheimer. Oth et al. (35) have shown that there is a direct proportionality between the concentration of DNA used as substrate and the concentrations of cations necessary for optimum activity. With DNA at the 0.024 per cent level--approximately the concentration employed in the testis DNase experiments--these experimenters found maximum activation of thymus DNase at 0.0015 M magnesium chloride and at 0.006 M calcium chloride. No marked differences between magnesium and calcium ions were observed in our experiments. It should be noted, however, that they were done at pH 5.0, whereas those of Koerner and Sinsheimer and of Oth et al. were performed at pH 4.5 and pH 4.6. The latter workers found the activation by cations to be a function of pH: activation by magnesium ions exhibited a maximum at pH 4.5, whereas that by calcium and zinc ions was greatest at pH 4.0; and with all three cations activation disappeared between pH 5.5 and pH 6.0, above which inhibition appeared. They also noted that the percentage of activation by divalent cations decreased as the concentration of DNA was increased: with 0.01 per cent of DNA, about 100 per cent activation was observed for all the divalent cations studied. In our experiments, using 0.024 per cent DNA, the maximum activation was approximately 600 per cent. The two sets of data are not directly Testis DNase is most active at pH 4.8, as determined by the rate of formation of acid-soluble split products. The same optimum pH, and amount of activity at that pH, are found in either 0.1 M sodium acetate buffer, 0.002 w acetate buffer plus 0.04 M sodium chloride, or 0.009 M acetate buffer plus 0.005 M m a g n e s i u m sulfate, with some slight differences in the degree of activity in the acid range (30) . O t h e t al. found the optimum pH for thymus DNase to be 4.65 when activity was measured by viscosimetry; this m a x i m u m is not sharp, and at pH 6.5 the activity is still one-third of the maximum. With the spectrophotometric assay procedure of Kunitz (2), however, they found no pH optimum; the activity decreased steadily from pFI 4.0, where 125 per cent of the activity observed at pH 4.65 was found, to pH 6.0, where none was noted. On the other hand, using the same technique Shimomura and Laskowski (12) The mechanism of activation of DNase I I by the apparently interdependent action of hydrogen ions and electrolytes is obviously complex. Kurnick and Sandeen have recently made a thorough study of this interdependence, using mouse spleen extracts as their source of enzyme (36) , and Shack has also studied the dependence of the DNase activity of mouse tissues on p H and on the type and concentration of added salts (37, 38) . Earlier studies are reviewed in these papers.
The temperature coefficient for the rate of degradation of DNA by testis DNase, as estimated from the data of Table II , decreases with increasing temperature between 1 and 46°C, but increases markedly between 46 and 55 °C. Similar results have been obtained with DNase from onion root tips (39) . This sudden transition in activation energy may reflect a shift in the configuration of either the enzyme or the substrate molecules, or both. Shimomura and Laskowski (12) have estimated that the rate of degradation by spleen DNase increases about 20-fold between 13 and 37°C. With testis DNase, the increase for the same temperature range is approximately tenfold. Oth et al. (35) found for thymus DNase an activation energy of 93,000 calories in the temperature range between 0 and 25°C. Calculations from an Arrhenius plot of our data give activation energies of 24,000 between 1 and 17°C, and of 14,000 calories between 17 and 46°C.
The rate of depolymerization of heat-denatured D N A by pancreatic DNase I is only slightly slower than that of native D N A (30). The differences that are found are due probably to small losses of purines during the heating process; their removal is known to markedly decrease the rate of hydrolysis by both pancreatic (29) and testis DNase (30) . O n the other hand, the rate of degradation of heat-denatured DNA by testis DNase is only one-tenth that of native DNA. Similar results have been obtained recently with an endonuclease from E. coli (40) . The testis preparation may contain two enzymes, one attacking native, the other heat-denatured DNA. Experiments to test this hypothesis are now in progress; and Lehman (41) has isolated from E. coli a phosphodiesterase which degrades denatured, but not native, DNA. Unfortunately, our data so far have been obtained only from measurements of the rate of formation of acid-soluble split products. Complete kinetic studies, usilag various other procedures, will have to be made before a definite decision is reached as to whether the differences in rates of hydrolysis of native and denatured D N A are due to differences in the number of strands (of. references [42] [43] [44] [45] .
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